The hot deformation behavior, hot workability and dynamic recrystallization evolution of Zr-1.0 (wt%) Be alloy in single α phase were investigated by conducting hot compression tests. The strain rates ranging from 10 -3 s -1 to 101 s -1 and testing temperatures varying from 650 1C to 850 1C were used. Flow stress was found to increase with increasing strain rate and decrease with the increment of the deformation temperature. A constitutive equation of flow behavior was established to describe the dependence of flow stress on strain rate and deformation temperature. The activation energy for deformation of Zr-1.0Be alloy was determined to be Q ¼301 kJ/mol. The processing map of Zr-1.0Be alloy was constructed at strain rates ranging from 10 -3 s -1 to 101 s -1 and deformation temperatures varying from 650 1C to 850 1C at the true strain of 0.7. A processing map was used to identify the best domains of thermal processing, including a domain at a temperature of 650 1C and strain rate of 10 -3 s -1 , as well as another domain at deformation temperatures ranging from 800 1C to 850 1C and strain rates varying from 10 -3 s -1 to 10 -1 s -1 . Microscopic analysis of Zr-1.0Be alloy showed that the flow instability and kink were very obvious at low temperatures and high strain rates. At high temperatures and low strain rates, the dynamic recrystallization became the main softening mechanism during hot working.
Introduction
Zirconium (Zr) and Zr alloys, which are structural materials, have been widely used in the nuclear and aerospace industry because of their excellent corrosion resistance, thermal stability, and low thermal neutron absorption cross section [1] [2] [3] . However, the use of pure Zr is restricted due to its low mechanical properties. Beryllium (Be), which is an alloying element, has been added to a Zr matrix [4] . The presence of Be refines a Zr matrix, and Be exhibits excellent nuclear properties, such as low thermal neutron absorption cross section and high scattering cross section for neutrons [5, 6] . These properties enable the potential application of Zr-Be alloy in the nuclear industry. Zr-Be alloy exhibits good tensile strength and excellent ductility when it contains 1.0 wt% Be, which is very suitable to be used as structural materials.
For metals or alloys, the microstructure influences the macroscopic mechanical properties significantly. The researchers usually improve the microstructure of the alloys by thermal processing [7] [8] [9] . Toshimitsu et al. investigated that a fine lamellar structure characterized by an average grain size of 9 μm was obtained in hot-extruded Ti-42Al-10V [7] . Liu et al. showed TiAl alloys with refined colony size and ultrafine lamellar structures could be prepared by hot extrusion and appropriate heat treatments [8] . Dynamic recrystallization (DRX) of pure α-Zr occurred at strain rates ranging from 10 -2 s -1 to 100 s -1 and temperatures varying from 730 1C to 850 1C [9] . So, it is very important to determine the thermal processing parameters of certain alloy. Thermal simulation process is more and more favored by researchers because it can establish a constitutive equation and processing map for hot processing. They are very effective methods to optimize process parameters and control microstructure [10] [11] [12] [13] [14] [15] . Constitutive equations can determine the dynamic effects of the flow stress on thermodynamic parameters, such as deformation temperature, strain and strain rate [10, 14] . In addition, hot processing map consist of a pattern overlay of power dissipation maps and instability maps obtained at different range of deformation temperature and strain rate. The processing map of Zr-2.5Nb-0.5Cu with (αþ β) phase field showed a domain of DRX with a peak efficiency of 48% at 750 1C and 10 -3 s -1 [11] . Then, in the actual heat processing process, the flow instability region such as flow localization and kinking can be avoided.
The present study aims to investigate the hot deformation behavior and constitutive equation of Zr-1.0Be alloy in detail. Strain hardening and dynamic softening of the flow curves are analyzed. In addition, a revised processing map of Zr-1.0Be alloy is constructed to avoid flow instability and determine the optimized ranges of temperature and strain rate.
Material and methods
Zr-Be alloy ingots were prepared by arc-melting a mixture of sponge Zr ( Zrþ Hf Z99.7 wt%), pure Be (Z99.9 wt%) in a Ti-gettered argon atmosphere. All ingots were melted five times to ensure a uniform chemical composition. In order to determine the composition more homogenization, the ingots were heattreated at 970 1C for 90 min in a tubular vacuum heat-treatment furnace with a protective argon atmosphere followed by furnace cooling. The original microstructure is shown in Fig. 1 . The cylindrical compression specimens with the dimension of 6 mm in diameter and 9 mm in height were machined from the heattreated ingots. Hot compression tests were conducted using Gleeble 3500 thermomechanical simulator over the temperature in the range of 600-850 1C and at four strain rates in the range of 10 À 3 -101 s À 1 . Hot compression tests were operated in an argon atmosphere. The specimens were heated to deformation temperature at a rate of 20 1C/s and held for 4 min to ensure the temperature stability before deformation. The specimens were deformed to a true strain of 0.7 under the specified deformation temperature and strain rate. To limit the recovery and recrystallization, the deformed specimens were rapidly quenched with water. All the deformed specimens were sectioned parallel to the compression axis through the center and investigated using Optical Microscopy (OM).
Results and discussion

Analysis of hot deformed flow behavior
True stress-true strain curves of Zr-1.0Be alloy were achieved at different temperatures and different strain rates to reflect the high-temperature flow behavior. The true stress-true strain curves of Zr-1.0Be obtained from the experiments are shown in Fig. 2 . True stress rapidly increased peak stress at a strain capacity range of 0.1 and sharply dropped to a relatively low value and then gradually reached a steady state during the strain increasing. A similar stress drop has been reported in Ti-20Zr-6.5Al-4V [16] and Ti-6Al-2Zr-1Mo-1V alloys [17] . The sudden stress drop in this study may be matched with the disappearance of mobile dislocations in the grain boundaries during hot deformation [16] . In addition, during hot deformation, work hardening and dynamic softening greatly affects the change of the flow stress. Work hardening plays a major role in the sharp increase in strength at the start of deformation. The dislocation density increases dramatically and the dislocations generate around and tangle. Furthermore, the motion of dislocations and subboundaries are inhibited because of the presence of dispersed phase Be 2 Zr particles in the matrix, and hence the true stress rapidly increases in a short period. It is believed that the effects of dynamic softening, such as DRV or DRX, may be more serious than that of work hardening as true stress reaches its maximum peak stress. And therefore, stress reaches a steady state after a slow decrease when strain increases. Fig. 2 reveals that the strain rate and deformation temperature greatly affect flow stress. The value of true stress decreases as strain rate decreases at the same deformation temperature. This result suggests that Zr-1.0Be alloy is a positive strain rate sensitive material. At the low strain rate, it has sufficient time for Zr-1.0Be alloy to take place DRV and DRX. The softening phenomenon of Zr-1.0Be alloy becomes more obvious at this stage. However, the speed of dislocation multiplication gradually accelerates as the strain rate further increase [18] . Thus, the value of stress increases stepwise as the strain rate gradually increases at the same temperature.
Furthermore, the flow stress significantly decreases as deformation temperature increases at the same strain rate. This behavior is due to increases in thermal activation and atomic kinetic energy that decrease resistance to dislocation motion and increase degree of point defects such as vacancies and interstitial atoms. These factors induce the occurrence of DRV and DRX when deformation temperature gradually increases [19] . In addition, the degree of dynamic softening increases with increasing temperature, and hence the flow stress decreases.
Constitutive equation of flow behavior
The true stress-true strain curves of Zr-1.0Be alloy (Fig. 2) shows that the flow stress is strongly affected by strain rate and deformation temperature. In this study, the peak stress which is the most typical stress in flow curves is selected as the representative stress in each flow curve, as shown in Table 1 . The deformation temperature and strain rate dependence of flow stress in hot deformation in general can be expressed in terms of a kinetic rate equation [20] , which is given by: where A 1 , A 2, A, n 0 ,β, α and n are materials constants, α ¼ β=n 0 , _ ε is the strain rate, n is the stress exponent, s is the peak stress (MPa), Q is the apparent activation energy of deformation (kJ/ mol), R is the universal gas constant and T is the deformation temperature (K). The logarithms of both sides of Eqs. Eqs. (4) and (5) were calculated using linear regression, and the linear relationships of ln _ εÀ ln s and ln _ ε À s were fitted, as shown in Figs. 3 and 4 . The average gradients are indicated in the formula of α ¼ β=n 0 , and the value of α was estimated as 0.00972 MPa À 1 . The value of n, which is 4.338, was determined after substituting the value of α in Eq. (6) through linear regression of ln _ ε À ln sinhðαsÞ, as shown in Fig. 5 . Using Eq. (3), the deformation activation energy Q can be expressed as follows: The value of Q is calculated by substituting the values of related parameters into Eq. (7) . Among these parameters, R is the universal gas constant and n is calculated using Eq. (6). Fig. 6 shows that the average slope value of ln sinhðαsÞÀ 1000=T is calculated using the slope of each line, which describes the relationship between ln sinhðαsÞ and 1000=T. Finally, the value of the apparent activation energy of deformation (Q) was evaluated to be 301 kJ/mol, and the value of A, 2.454 Â 10 13 s À 1 , was calculated after the values of α, Q and n were obtained. Thus, Eq. (8) can be expressed as: 
A series of Zr and Zr alloys has been investigated to understand the behavior of hot deformation [10, 21] . Abson et al. [21] and Sarkar et al. [10] reported that the apparent activation energy of deformation of pure Zr and Zr-1Nb are 234 kJ/mol and 243 kJ/mol, respectively in single α phase. The values of n and Q are characteristics of a given rate controlling mechanism. Sarkar et al. [10] proposed that the hot deformation of Zr-1Nb alloy in the single α phase was controlled by dislocation mechanism. In the present study, the value of n¼ 4.338 and Q ¼ 301 kJ/mol, which is in good agreement with the observation of Zr-1Nb alloy. The apparent activation energy of deformation, which is an important physical parameter, represents the workability of Zr and Zr alloys. The mechanism of dynamic softening is controlled by an activation process during the high temperature deformation [22] . Dependence of the peak stress ðsÞ on deformation strain rate and deformation temperature during high temperature deformation can be described by the Zener-Hollomon parameter:
Eq. (10) can be speculated by Eqs. (8) and (9):
The parameter Z reflects the hot deformation behavior at certain deformation strain rates and deformation temperatures. Migration of dislocations and grain boundaries become higher as the value of Z gradually decreases, which promote the occurrence of DRX during deformation [23] . Fig. 7 exhibits the linear regression of the experimental data obtained from the hyperbolic sine constitutive equation. The experimental data exhibit a linear fit with the calculated results i.e., the peak stress increased with increasing Z value.
Processing map
Thermal processing maps can be used to simulate the hot working of alloys. In recent years, the researchers have used thermal processing maps to optimize hot operating parameters of alloys [9] [10] [11] . Processing maps consist of a pattern overlay of power dissipation maps and instability maps obtained at different ranges of deformation temperature and strain rate. The power dissipation rate is expressed using a dimensionless parameter called the efficiency of power dissipation ðηÞ [24] :
where m is the strain rate sensitivity of flow stress. A power dissipation map that exhibits different domains represents the variations of η with temperature and strain rate. The domains may directly correspond to a specific microstructural mechanism. Flow instability is defined using a continuum instability criterion based on the extremum principle of irreversible thermodynamics [24] [25] [26] . In terms of maximum rate of entropy production in a material system, an instability criterion could be given by [27] :
where ξð_ εÞ is a dimensionless instability parameter. An instability map can be constructed from the variations of ξð_ εÞ with temperature and strain rate. The value of m can be evaluated using flow stress and strain rate at different deformation temperatures and strains [28] :
where s represents the flow stress values at various strains, deformation temperatures and strain rates. According to Eqs. (11)-(13), η and ξð_ εÞ can be determined, and the processing maps can be established. Fig. 8 shows the processing map of Zr-1.0Be alloy. This processing map was constructed at the strain rates ranging from 10 -3 s -1 to 101 s -1 and the deformation temperatures varying from 650 1C to 850 1C at a true strain of 0.7. Variations in strain rates and deformation temperatures strongly affect the processing map during the isothermal compression of Zr-1.0Be alloy. Fig. 8 shows that the instability domains in a processing map decreases as strain rate decreases and deformation temperature increases. DRX does not occur in Zr-1.0Be alloy when the strain rate exceeds 10 -1 s -1 during deformation. Severe stress concentration causes flow localization. Moreover, extremely rapid strain rate does not allow on-time release of heat, which increases localized temperature [29] .
Using the processing map, the good domains of thermal processing were identified, including a domain at a temperature of 650 1C and strain rate of 10 -3 s -1 (Domain A) and another domain at deformation temperatures ranging from 800 1C to 850 1C and strain rates varying from 10 -3 s -1 to 10 -1 s -1 (Domain B). In Domain A, dynamic recovery process was also identified by Abson [21] . In Domain B, generally, reported values of η that are associated with DRX are approximately 30-50% [30] . It has been found that the values of η in domain B were greater than 0.4. This result demonstrates that the process of DRX performed comparatively completes. Complete DRX is beneficial during hot working since complete DRX causes simultaneous softening that result in stable flow and good workability [31] . The process parameters of domain A are suitable for low-temperature rolling processing, whereas, domain B provides the optimal process parameters during large deformation of alloy forging.
Hot deformed microstructure
The microstructure of a hot deformed material can explain the status of the material. It has been found that the dependence of microstructure morphology on efficiency of power dissipation, stacking fault energy, and thermal conductivity is obvious [14, [30] [31] [32] . In the processing maps, the microstructure morphology of the flow instability region including flow localization, mechanical twinning and kinking. Correspondingly, DRV, DRX and spheroidizing are typical microstructure evolutions that are observed in the stability regions [29, [32] [33] . Fig. 9 shows the typical microstructures of samples deformed at different strain rates and deformation temperatures. Fig. 9 typically shows the microstructure morphology and deformation mechanism in each region. Flow instability and kink are extremely obvious at deformation temperature of 650 1C and strain rate of 101 s -1 , as shown in Fig. 9(a) . Under these conditions, the efficiency of power dissipation is moderately low, as shown in Fig. 8 . Generally, the heat generated during plastic deformation does not immediately transfer to the surroundings at high strain rates, and the deformation is concentrated on a local area. In this case, the phenomena, such as flow instability and kink, are more likely to occur. Fig. 9 (a) shows the microstructure produced during processing conducted in a danger zone. An alloy may produce processing cracks in the deformation process. Thus, dangerous areas should be avoided when choosing actual thermal processing parameters. The numerical value of η is relatively high in Domain A and Domain B as shown in Fig. 8 . DRV and DRX are prone to occur during these conditions ( Fig. 9(b)-(d) ). Fig. 9(b) shows that the original grains are significantly elongated, and some serrated grain boundaries can be observed at a deformation temperature of 650 1C and strain rate of 10 -3 s -1 . Only DRV occurred during hot deformation. At deformation temperatures higher than 800 1C and strain rate lower than 10 -1 s -1 , the particle DRX occurred and few fine grains appeared as strain rate decreased, as shown in Fig. 9(c) . Eventually, the complete DRX occurred in the sample, and the original grains were converted to several small grains with large-angle grain boundaries, as shown in Fig. 9(d) . The mechanism of DRX has been reported in some related literatures [34, 35] . DRX is greatly beneficial to hot-deformed alloys. DRX improves the macroscopic properties of alloys since it produces more uniform and fine microstructures.
Conclusions
The hot deformation behavior of Zr-1.0Be alloy in single α phase has been conducted in the strain rate range from 10 -3 s -1 to 10 -1 s -1 and temperature range from 650 1C to 850 1C. The results obtained are summarized as follows:
1. Flow stress of Zr-1.0Be alloy increases with increasing strain rate and decreases with increasing deformation temperature. Work hardening and dynamic softening greatly affect the changes in flow stress during hot deformation. 2. The activation energy of deformation of Zr-1.0Be alloy in single α phase is Q ¼ 301 kJ/mol. A constitutive equation of flow behavior is established to describe the dependence of flow stress on strain rate and deformation temperature:
_ ε ¼ 2:454 Â 10 13 ½ sinhð9:72 Â 10 À 3 sÞ 4:338 exp À 301 Â 10 3 RT 3. Processing maps of Zr-1.0Be alloy at a true strain of 0.7 is obtained at strain rates ranging from 10 -3 s -1 to 10 -1 s -1 and deformation temperatures varying from 650 1C to 850 1C. Good domains of hot working include a domain at temperature of 650 1C and strain rate of 10 -3 s -1 and another domain at deformation temperatures ranging from 800 1C to 850 1C and strain rates varying from 10 -3 s -1 to 10 -1 s -1 . 4. Flow instability and kink are extremely obvious at low temperatures and high strain rates, and DRX is the main softening mechanism during hot working at high temperatures and low strain rates.
